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(57) Abstract 



A method and apparatus for interfacing the motion of an object (18) with a digital processing system (250) includes a sensor (14, 
1 10) for detecting movement of the object (18) along a degree of freedom. A passive pneumatic or hydraulic damper (12, 108) is coupled 
to the object (18) to provide a damping resistance to the object (18) along the degree of freedom and resist a movement of the object (18). 
The damping resistance is provided by regulating the control of a fluid with a digital computing apparatus (52), thus providing a low-cost, 
low-power force-feedback interface that is safe for the user. The damper (12, 108) and sensor (14, 110) provide an electromechanical 
interface (10) between the object (18) and the electrical system. A gimbal or other interface mechanism can be coupled between the damper 
(12, 108) and the object (18). The interface is well suited for simulations or video games in which an object such as a joystick is moved 
and manipulated by the user. 
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METHOD AND APPARATUS FOR PROVTDTNfi 
PASSIVE FLUID FOR CP. PRRTO ftrtf 
Description 

Technical Field 

5 The present invention relates generally to interface devices between humans and computers, 

and more particularly to computer input devices that provide force feedback to the user. 

Background Art 

Computer systems are used extensively in the home entertainment industry to implement 
video games, video simulations, and the like. In the video game industry, a video game computer 

10 system displays a visual game environment to a user on a display screen or other visual output 
device. Users can interact with the displayed environment to play a game, experience a simulation 
or "virtual reality" environment, or otherwise influence events depicted on the screen. Such user 
interaction is implemented through the use of a human-computer interface device, such as a 
joystick, "joypad" button controller, mouse, stylus and tablet, or the like, that is connected to the 

1 5 computer system controlling the game environment. 

One common interface device to game environments is a joystick controller. A joystick 
usually includes a member for the user to grasp and move in one or more degrees of freedom. The 
user's manipulations of the joystick are input to the computer system and the results or effects of 
these manipulations are typically displayed to the user on the display screen. While a standard 

20 joystick is effective in allowing a user to input commands to a game environment, it is limited to 
providing only input to the game computer system. The user can receive feedback about the results 
of his or her actions only through the visual medium of the display screen and, usually, the 
auditory medium. A standard joystick cannot itself provide feedback information to the user. For 
example, if the simulated aircraft that the user is controlling in a game environment collides with 

25 another aircraft, the user only receives the visual and auditory feedback that such a collision 
occurred. The standard joystick has no means of conveying such collision information to the user. 

Joysticks and other input devices have been developed to provide tactile ("haptic") feedback 
to a user, more generally known as "force feedback." These types of joysticks can provide 
physical sensations to the user manipulating the joystick. Typically, motors are coupled to the 
30 joystick and are connected to the controlling computer system. The computer system can provide 
forces on the joystick in conjunction with gaming events by controlling the motors. Through such 
a joystick, the computer system can convey to the user the physical sensation of colliding into a 
wall, moving through a liquid, driving over a bumpy road, and other sensations. The user can 
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concerns such as compactness and operating noise level of a force feedback device are of concern 
in the home market. Since the prior art feedback controllers are mainly addressed to specific 
applications in industry, most force feedback mechanisms are costly, large, heavy, have significant 
power requirements, are difficult to program for applications. The prior art devices require high 
5 speed control signals from a controlling computer for stability, which usually requires more 
expensive and complex electronics. In addition, the prior art force feedback devices are typically 
large and noisy. These factors provide many obstacles to the would-be manufacturer of force- 
feedback joysticks to the home video game market. 

For example, the pneumatic force feedback device of Burdea et al mentioned above 
10 includes many disadvantages to a would-be provider of force feedback devices in the home video 
game industry. The force feedback interface of Burdea et al requires a large interface box 
including bulky pressure regulators, pressurized air supply, and a large 24-volt power supply. 
The active pneumatic actuators of Burdea et al require high speed control signals to operate 
effectively and provide stability. Finally, Burdea et aVs pneumatic actuators can potentially be 
1 5 dangerous for a user when strong or unexpected forces are generated on a user of the interface. 

Therefore, a safer, less expensive, less complex, more compact, more reliable, easier 
programmed, more aesthetic alternative to force feedback interface devices is desired for certain 
applications. 

Disclosure of the Invention 

20 The present invention provides a human/computer fluid-resistance interface device that 

provides force feedback to a user operating the device. The device includes computer-controlled 
pneumatic or hydraulic dampers that provide a modulated passive damping resistance to the motion 
of an object that is controlled by a user. The interface device of the present invention is inherently 
safer for a user, requires lower power, and is less costly to produce than active actuators and other 

25 types of pneumatic/hydraulic actuators. 

More particularly, an apparatus of the present invention for interfacing the motion of an 
object with an electrical system includes a sensor, such as a digital encoder, that detects movement 
of an object along a degree of freedom and develops an electrical sensor signal for the electrical 
system. The sensor is coupled to the object in the preferred embodiment. The apparatus also 
30 includes a passive fluid-resistance mechanism, such as a pneumatic or hydraulic damper, coupled 
to the object to transmit a drag to the object along the degree of freedom and resist a movement of 
the object. The damper is responsive to an electrical resistance signal provided by the electrical 
system and, with the sensor, provides an electromechanical interface between the object and the 
electrical system. In the preferred embodiment, the object is a joystick controller. 
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and a piston operative to move within the cylinder. A piston rod couples the piston to the object 
and includes two ends, each end connected by a ball joint. 

A method for interfacing motion of an object with an electrical system includes providing 
an object having a degree of freedom. Positions of the object along the degree of freedom are 
5 sensed with a sensor and electrical signals arc produced from the sensor. A resistance to 
movement of the object is created along the degree of freedom by controlling the flow of a fluid. 
The degree of freedom can be a rotary degree of freedom or a linear degree of freedom. The step 
of creating a resistance to the object's movement includes coupling a passive brake to the object. 
The passive brake can include a piston assembly and a valve to control the flow of the fluid. In an 

10 alternate embodiment, the brake can include a piston assembly having a cylinder and a piston. An 
electrorheological fluid is provided in the cylinder, and a voltage is applied to electrodes in the 
cylinder. The voltage induces an electric field, which, in turn, controls a viscosity of the 
electrorheological fluid and thereby allows the flow of the fluid to be regulated. A gimbal 
mechanism or slotted yoke mechanism can also be included to provide two or more degrees of 

15 freedom to the object. The gimbal mechanism can be a closed loop five member linkage. 

In yet another embodiment of the present invention, a system for controlling an 
electromechanical interface apparatus manipulated by a user includes a digital computer system for 
receiving an input control signal and for providing an output control signal which updates a 
process, such as a simulation or video game process, in response to the input control signal. A 

20 passive damper for receiving the output control signal provides a resistive force along a degree of 
freedom to an object coupled to the passive damper. The object is preferably grasped and moved 
by the user. The resistive force is based on a flow of a fluid within the passive damper, and the 
flow of the fluid is based on information in the output control signal. The force resists a user force 
applied to the object by the user along the degree of freedom. A sensor detects motion of the object 

25 and outputs the input control signal including information representative of the position and motion 
of the object to the digital computer system. 

Preferably, the digital computer updates a simulation process in response to the input 
control signal and displays a simulation (or video game) to the user on a display screen. The 
passive damper is a pneumatic or hydraulic brake that includes a piston assembly and valve for 

30 regulating the flow of the fluid. The digital computer system preferably regulates the fluid flow by 
controlling the valve. Preferably, a local processor is coupled between the digital computer system 
and the damper/sensor that receives the output control signal from said digital computer system and 
provides a second output control signal to the passive damper. The local processor also receives a 
second input control signal from the sensor and outputs the input control signal to the digital 

35 computer system. The local processor can provide the second output control signal to the passive 
damper in response to the position and motion of the object. This can be accompished 
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Figure 3b is a schematic diagram of an alternate transducer system of Figure 3a for use in 
hydraulic systems; 

Figure 4a is a schematic diagram of an interface system including transducer systems of 
Figure 1 ; 

Figure 4b is a perspective view of the interface system of Figure 4a; 

Figure 5a is a schematic diagram of an alternate interface system including transducer 
systems of Figure la; 

Figures 5b and 5c are schematic diagrams showing the movement of a user object in the 
interface system of Figure 5a; 

Figure 5d is a perspective view of the interface system of Figure 5a; 

Figure 5e is a perspective view of the interface system of Figure 5a having a stylus- 
receiving user object; 

Figure 5f is a perspective view of the stylus-receiving user object of Figure 5e and a stylus; 

Figure 5g is a perspective view of the interface system of Figure 5a having a finger- 
receiving user object; 

Figure 5h is a perspective view of the finger-receiving object of Figure 5g and a user's 

finger; 

Figure 6a is a schematic diagram of a transducer system in accordance with the present 
invention for providing passive force feedback to an object in a rotary degree of freedom; 

Figure 6b is a schematic diagram of the transducer system of Figure 4a where an object has 
been moved within the rotary degree of freedom; 

Figure 6c is a sectional side view of the damper shaft and a play mechanism of the 
transducer system of Figure 6a; 

Figure 6d is a sectional side view of the damper shaft and play mechanism of Figure 6c; 

Figure 6e is a detailed view of the keyed portions of the damper shaft and play mechanism 
of Figure 6c; 

Figure 7 is a schematic diagram of an alternate embodiment of the transducer system as 
shown in Figure 6a; 
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Figure 8 is a schematic diagram of an interface system including the transducer system of 
Figure 6a; 

Figure 9 is a perspective front view of a preferred embodiment of the interface system of 
Figure 8 including a joystick object; 

Figure 10 is a perspective rear view of the embodiment of the interface system of Figure 9; 

Figure 11 is a perspective view of a slotted yoke mechanical apparatus used with the 
transducer system of Figure 6a; 

Figure 12 is a block diagram of a control system for the interface systems of the present 
invention; 

Figure 13 is a schematic diagram of a first embodiment of the control system of Figure 12; 
Figure 14 is a schematic diagram of a second embodiment of the control system of Figure 

12, 

Figure 15 is a flow diagram illustrating a method for controlling the transducer systems of 
the present invention. 

15 Best Modes for rarrvinp nut th* 

In Figure la. a schematic diagram of a transducer system 10 for providing computer- 
ised force feedback in accordance with the present invention is shown. Transducer system 
10 mcludes a damper assembly 12 and a sensor 14. A user object 18 is preferably coupled to 
damper assembly 12 and sensor 14 to allow the user to interface with a computer system 16 In 
the preferred embodiments, a user grasps user object 18 and moves the object in one or more 
provided degrees of freedom. Transducer system 10 is also considered an interface system to 
computer system 16; in other embodiments, described subsequently, an interface system includes 
additional mechanical components. The transducer system of the present invention both senses the 
posmon of the object and provides passive force feedback in the provided degrees of freedom, as 
described below. Thus, as used herein, "transducer system" refers to a system that both senses 
positions and provides force feedback. "Damper" refers to a passive resistance mechanism that 
provides a damping resistance to motion of an object coupled to the mechanism. 

Damper assembly 12 is coupled to object 18 to provide a passive damping resistance to the 
movement of object 18. Preferably, a user generates a force on object 18, which causes the object 
o move in one or more provided degrees of freedom. In the embodiment of Figure la, a single 
Imear degree of freedom is provided for object 18. The damping resistance generated by damper 
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assembly 12 dampens or resists the motion of object 18 in that degree of freedom, as described 
below. 

Damper assembly 12 is a "fluid-resistance" device which provides a damping resistance 
based on the regulation of fluid flow within the device. In the preferred embodiment, the fluid is a 
5 gas, such as air. Damper assembly 12 can also be referred to as a "pneumatic brake." In alternate 
embodiments, hydraulic passive devices can be used to provide resistance based on the regulation 
of liquid flow. However, pneumatic devices with gas flow, specifically air flow, are more 
appropriate for the embodiment of Figure la. Damper assembly 12 preferably includes a piston 
assembly 20 and a valve 22. Piston assembly 20 includes a housing or cylinder 24, a piston 26, 
10 and a piston rod 28. Cylinder 24 is an elongated structure having a hollow interior 30, an rod 
opening 32 positioned at one end, and a valve orifice 34 positioned at the opposite end. The 
cylinder is preferably cylindrical, . but can be rectilinear or have a cross section of other shapes in 
other embodiments. Preferably, cylinder 24 is made out of glass, graphite, plastic, or a similar 
smooth material. 

15 Piston 26 is positioned within the interior of cylinder 24 and is constrained to be moved 

along the degree of freedom designated by axis 36. Piston 26 is preferably also made out of a 
material such as graphite, glass or plastic and thus has a smooth outer surface. Piston 26 has a 
cross sectional shape equivalent to cylinder 24 so that a minimum gap between its outer edge and 
the inner edge of the interior 30 exists and no substantial amount of fluid may escape between the 

20 gap. Implementing a moving piston within a cylinder is well known to those skilled in the art. 
Piston assemblies or similar dapshot devices available from several manufacturers can be used in 
the present invention. For example, a suitable pneumatic device is the Precision Air Dapshot 
available from Airpot of Norwalk, Connecticut. Piston rod 28 couples piston 26 to user object 18 
such that when object 18 is moved by a user in the degree of freedom 36, piston 26 is also moved 

25 in that degree of freedom. 

The motion of piston 26 is dependent on the flow of a fluid 38 through valve orifice 34 in 
cylinder 24. As stated above, fluid 38 is preferably a gas such as air, but can be a liquid in other 
embodiments. As is well known to those skilled in the art, a piston may move when valve orifice 
34 is unrestricted, which allows the fluid to flow through the orifice. For example, if the fluid is 

30 air in a pneumatic system, then the piston 26 can move toward orifice 34 if the piston is allowed to 
force air from the portion of interior 30 in "front" of the piston, through orifice 34, and to the 
atmosphere outside cylinder 24. Similarly, piston 26 can move toward opening 32 if air is allowed 
to flow from the atmosphere into the "front" portion of interior 30 of the cylinder. As referenced 
herein, the term "free movement" or "freely move" refers to the piston's movement when valve 

35 orifice 34 is completely open, allowing unrestricted fluid flow to and from interior 30 through 
orifice 34. The term "cannot move" or "substantially no movement" refers to the piston's 
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Passive dampers, such as damper assembly 12, can provide realistic force feedback to a 
user operating an interface apparatus in a simulated environment. Passive dampers impose a 
resistance to the motion of an object 18 manipulated by the user. Thus, a user who manipulates an 
interface having passive dampers will feel forces only when he or she actually moves an object of 
the interface. 

Passive dampers/actuators 12 provide several advantages when compared to active 
actuators. Passive dampers are much less expensive and complex than active actuators. For 
example, a substantially lower current is required to drive passive dampers than active actuators. 
This allows a less expensive power supply to drive a passive damper system, and also allows a 
force feedback mechanism to be smaller and more lightweight due to the smaller power supply. 
Also, in the active pneumatic and hydraulic devices of the prior art, a supply of pressurized air 
must be regulated to provide active forces, requiring more complex and expensive components and 
controllers. 

In addition, passive dampers require substantially slower control signals to operate 
effectively in a simulation environment than do active dampers such as motors. This is significant 
if the controller of an interface mechanism is a computer system that includes only a standard, low- 
speed input/output port, such as a serial port. Serial ports are quite common to personal computers 
but do not communicate quickly enough to perform real-time, stable control of most active 
actuators. When an interface controller with slower control signals is used, passive dampers can 
provide stable force feedback to the user. Another advantage of passive dampers is that they do 
not generate forces on the interface and the user and are thus more safe for the user. A user will 
not experience unexpected and possibly injurious forces from the interface object 18, since the user 
is inputting all the energy into the system and providing all the active forces. 

The fluid dampers of the present invention (i.e., pneumatic and/or hydraulic) provide even 
greater advantages to a low-cost, safe force feedback interface than do other types of passive 
actuators or dampers. Since the resistance applied to the user object 18 is provided by the flow of 
a fluid, only valves or other devices for controlling the size of orifices are needed to change the 
resistance felt by the user. This allows simple solenoids and other low-power components to be 
used to control the valves, instead of more complex components used in other passive and active 
actuators. In a damping system, signals are output by a controlling computer to control a valve or 
change the size of an orifice only when a change in resistive force occurs, allowing real-time stable 
control of force feedback even for veiy slow electronics systems and input/output ports. In 
addition, the piston assemblies are very low cost and safer compared to other passive actuator 
devices. 
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Com^ c o^octitcal signals are applied to the solenoid, as is well known to those skilled the ar^ 

such an tnterface cm* am descrrbed below with reference to Figures 12 and 13. Alternately 
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be vrewed on tire screen and appropriate fome feedback can be applied to user object 18 as weU. 

User object 18 is preferably grasped or otherwise contiolled by a user By W it h 
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embodrmen, objec, J8 is a handle, such as a con.ro, „and,e on"! joystick for l^ng ^ 
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movement of computer-controlled objects or a steering wheel, palm grip, etc. Computer apparatus 
52 can display objects on display screen 54 and the user can interface with the objects by moving 
the handle to affect the view displayed, the position of a displayed object, the view of an object, 
etc. Other types of objects are also suitable for the present invention, such as a pool cue, a stylus, 
5 a joystick, a steering wheel, a knob, a grip, a medical instrument (laparoscope, catheter, etc.), and 
so on. 

Additional mechanical apparatuses can be coupled between transducer system 10 and user 
object 18 to provide additional stability to the motion of object 18. Also, mechanical apparatuses 
can add additional degrees of freedom to object 18. In such an embodiment, each provided degree 
10 of freedom preferably includes its own transducer system 10. 

Figure lb is a schematic illustration of an alternate embodiment 10' of the transducer 
system shown in Figure la. System 10' is more applicable for fluids such as liquids and gases 
other than air. System 10' includes a damper assembly IT, sensor 14, and user object 18 for 
interfacing with computer system 16. Sensor 14, computer system 16, and user object 18 are 
15 substantially similar to the corresponding components of system 10 as described with reference to 
Figure la. 

Damper assembly 12' includes a piston assembly 20' and a valve 22'. Piston assembly 20' 
includes cylinder 24', piston 26, piston rod 28a, piston rod 28b, orifice 27, and orifice 29. The 
piston 26 and piston rod 28a operate substantially the same as described with reference to Figure 

20 la. Piston rod 28b is additionally coupled to the opposite side of piston 26 from rod 28a and 
extends through an aperture 32b in cylinder 24'. Rod 28b is provided to balance the volume of 
fluid 39 on both sides of piston 26 within cylinder 24' and thus allow an equal damping resistance 
to be provided to object 18 in both directions along axis 36. Since system 10' typically is used for 
closed systems in which a fluid is not desired to escape from cylinder 24', seals 41 are preferably 

25 provided between apertures 32a and 32b and the piston rods 28a and 28b, respectively, to prevent 
any fluid leakages through apertures 32a and 32b. 

Cylinder 24' includes two orifices 27 and 29 instead of the single orifice 34 of Figure la. 
Orifice 27 leads to duct 31, which extends from cylinder 24' to valve 22'. Duct 31 is preferably 
coupled to a first port of valve 22'. Similarly, orifice 29 leads to duct 33, which extends from 
- 30 cylinder 24' to the second port of valve 22'. Orifices 27 and 29 are arranged such that one of the 
orifices is near one end of cylinder 24', and the other orifice is positioned near the opposite end of 
the cylinder. The space between the cylinders is the allowed movement range for piston 26 along 
the linear degree of freedom indicated by axis 36, as explained below. 



WO 96/42078 

14 PCT/US96/09664 

closed ^Zr m ? Z fl, ° C " 0DS " 3 ^ '°° P > ySKm - U - ' BM is *— » *• a 
dosed tag. When p,s,„„ 26 ,s moved by the user to a direction indicated by arrow 35 fluid 39 

5 lee 29 ^HT f " ^ "* ^ "* " to " back " ° f «« '"rough 

onflce29. Ldtewtse, when p ls ,on 26 is moved in a direction opposite ,o to. of arrow 35 fluid 39 

piston is caused to flow when the piston is moved. 

m ,k Jf VeM ' fa ^ te ^ W ^^«^ , ™l«'ottetheanKH m toffluidflowin B 

te^ , h Va,VC - I6 - - -bus 56, as d«cdJd f„ CJla 

eltomect 6 S Z°' a ^ h ^ M ' * — « « Glenoid 0, 2 
etecu.mechan.cal dev.ce. In one embodiment, vaJve 22' is an on-off va,ve having two sL Z 

"r,° a °t "? subs,an,ia,,y n ° fluid fl ° w (c,Med >- * - <><*" — « 

valve """TV' ^ 22 ' " *» * ta >"«< - a servo 

g agnal) can be apphed by computer system 16 for incrementally controlling the cross 
~£> . Che valve, passageway/orifice based on the voltage, thus allowing fl d toZZ 
controlled to a finer resolution than when using on-off valves. 

whtohfl^^tlTVr"' ^ * ^ ^ *» d »P- » 

25 I ™i, . 1 ( 8 " liquid, as described below in Figure 1c) 

system^to^rte^ rr r- io " ° f "* — « 

30 objec ,B for toteri^ 1 ^ * ' "«"** 12 " — and user 

Damper assembly 12" includes a piston assembly 20". Piston assemblv w ■ , „ 

cylinder 24", piston 26', and piston rod 28. Cylinder 24" 1.7 ? ! * 

cyunaer 24 is provided with one aperture 32, 



WO 96/42078 



15 



PCT/US96/09664 



which is closed to fluid leakage by seals 41. No valve is included in damper assembly 12", for 
reasons described below. Piston 26' is preferably provided with at least one aperture 43. A fluid 
39' flows through the aperture(s) 43 when piston 26' is moved along axis 36, as indicated by 
arrows 45. Apertures 43 can have a rectangular, circular, or other cross-sectional shape. Each 
5 aperture preferably includes electrodes 47, as described below with reference to Figure Id. Wires 
49 coupled to the electrodes can be routed from piston 26', along (or inside) piston rod 28, and out 
to computer system 16. 

Damper assembly 12 M is a closed system, and is therefore appropriate for non-air fluids 
such as liquids. Preferably, the transducer system 10" of Figure 1c can control the damping 

10 resistance provided to the motion of user object 18 without changing the size of apertures 43. 
Instead, the flow of the fluid can be controlled by changing the properties of the fluid itself. More 
specifically, fluid 39' provided within cylinder 24 M is preferably an "electrorheological fluid", 
which is a fluid that has a viscosity that can be changed electronically. If an electric field is applied 
to an electrorheological fluid, the viscosity of the fluid can be changed. By changing the viscosity 

15 of fluid 39', the fluid will flow at a different rate through apertures 43 when the piston 26* is 
moved by the user, thus allowing the damping resistance to user object 18 to be controlled. 
Electrorheological fluids are well known to those skilled in the art. For example, these fluids are 
described by W. Winslow in U.S. Patent 2,417,850 and U.S. Patent 3,047,507. 

Figure Id is a side view along line Id-Id of Figure lc and shows an example of using 
20 apertures and electric fields to control the viscosity of an electrorheological fluid. Piston 26 f can 
include a single aperture or multiple apertures 43a, 43b, 43c, and 43d. Electrodes 47 are 
positioned within each aperture 43a-d. Computer system 16 can be coupled to electrodes 47 by 
buses 49 and send an analog or digital voltage to the electrodes to apply an electric field to the 
apertures 43a-d. The electric field, in turn, raises the viscosity of fluid 39' flowing through the 
25 apertures 43. This will increase the damping resistance applied to user object 18 in an on-off type 
of resistance, similar to on-off valves described above. In addition, the computer system can vary 
the voltage applied to electrodes 47 to vary the viscosity of the fluid through an aperture 43 to a 
desired degree, similar to the servo valve described above. 

The multiple apertures 43a-d can be provided in piston 26' to dampen the motion of object 
30 18 in discrete magnitudes. For example, an electric field can be applied to small aperture 43a to 
cause only the fluid flowing through aperture 43a to raise its viscosity. An electric field can also be 
applied to large aperture 43d to raise the viscosity of the fluid only flowing through aperture 43d. 
Since aperture 43d is larger than aperture 43a, more fluid can flow with the same electric field 
applied, so that the user will feel a lesser damping resistance when the electric field is applied to 
35 aperture 43d. Various apertures 43a-d and various voltage levels can be used to greatly vary the 
damping resistance to object 18. 
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coupling port 62 of valve 22a is selected and coupling port 66 of valve 22b is selected. Restricted 
port 68 has a partially-closed orifice that has a smaller opening than restricted port 64 of valve 22b. 
The flow of fluid 38 through port 68 is thus restricted to a greater degree than the flow through 
port 64, so that port 68 causes a greater degree of damping resistance than port 64 to the movement 
5 of piston 26 and user object 18. If closed port 70 is instead selected with valve 22c, then the flow 
of fluid 38 is completely halted, providing the maximum damping resistance to the movement of 
piston 26 and object 18. Ideally, piston 26 would not be able to move if closed port 70 were 
selected; however, due to fluid leakages and fluid compression in the components of the system, 
piston 26 may have a small (negligible) amount of movement when closed port 70 is selected. 

10 Computer system 16 is coupled to valves 22a, 22b, and 22c by buses 72, 74, and 76, 

respectively. As described above with reference to Figure la, computer system 16 can provide 
electrical signals to valves 22a, 22b, and 22c to control the selected ports of the valves. 
Preferably, a solenoid for each valve is controlled by computer system 16 to switch between the 
two ports of each valve. In other embodiments, additional valves can be coupled in series to the 

15 closed port 70 of valve 22c, for example, to provide additional ports with different orifice sizes. 
Fluid flow and thus the damping resistance to piston 26 can thus be controlled with greater 
resolution. In still other embodiments, a servo valve (as described above) can be used for one or 
more of valves 22a, 22b, and 22c to provide a variably-sized port orifice and thus a higher 
resolution in adjusting the flow of fluid 38. 

20 Figure 3a is an illustration of a transducer system 61 similar to the systems 10 and 57 

shown in Figures la and 2, respectively. System 61 includes a damper assembly 63, sensor 14, 
and user object 18 interfaced with computer system 16, similar to system 10. Sensor 14, computer 
system 16, and user object 18 are substantially similar to the corresponding components of system 
10 as described with reference to Figure la. 

25 Damper assembly 63 includes a piston assembly 20 and a valve assembly 80. Piston 

assembly 20 is substantially similar to the piston assembly described with reference to Figures la 
and 2 and includes cylinder 24, piston 26, piston rod 28, and orifice 34 in cylinder 24. Object 18 
is coupled to piston 26 by piston rod 28 to provide a single linear degree of freedom to the object, 
as indicated by axis 36. Fluid 38 flows through orifice 34 and duct 40 of cylinder 34 when piston 

30 26 moves in the degree of freedom. 

Valve assembly 80 includes valves 22a', 22b', and 22c'. These valves are coupled in a 
parallel arrangement such that all three of the valves can be controlled to guide fluid 38 to a desired 
port. This is in contrast to the series arrangement of valves shown in Figure 2. 
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Computer system 16 preferably controls valves 22a", 22b', and 22c' similarly as described 
with respect to Figure 2. Electrical signals can be output on buses 97, 98, and 99 to control valves 
22a', 22b', and 22c\ respectively. Valves 22a', 22b' and 22c' can each be controlled by a 
solenoid that opens/closes the valve. Computer system 16 also receives an electrical sensor signal 
on bus 50 from sensor 14 to detect the position of object 14 in the provided degree of freedom. 

In alternate embodiments, as described above, additional valves can be included in valve 
assembly 80, where a junction having the appropriate number of channels is provided. Also, the 
series arrangement of valves in Figure 2 and the parallel arrangement of valves in Figure 3a can be 
combined into a single embodiment for a greater variety of selectable flow rates. In addition, one 
or more of valves 22a', 22b' and 22c' can be implemented as servo valves that respond to an 
analog voltage and vary the size of orifices of the valves with a much higher resolution. 

Figure 3b is a schematic illustration of an alternate embodiment 61' of the transducer 
systems 10' and 61 shown in Figures lb and 3a. System 61' is a closed loop system and includes 
a damper assembly 63', sensor 14, and user object 18 for interfacing with computer system 16. 
Sensor 14, computer system 16, and user object 18 are substantially similar to the corresponding 
components of system 61 as described with reference to Figures la and 3a. 

Damper assembly 63' includes a piston assembly 20' and a valve assembly 80'. Piston 
assembly 20' includes cylinder 24', piston 26, piston rod 28a, piston rod 28b, orifice 27, and 
orifice 29. The piston 26 and piston rods 28a and 28b operate substantially the same as described 
with reference to Figures la and lb and include seals 41 to prevent fluid leakages through 
apertures 32a and 32b. Like transducer system 10* of Figure lb, cylinder 24' includes two 
orifices 27 and 29 instead of a single orifice. Orifice 27 leads to duct 31', which extends from 
cylinder 24' to valve assembly 80', which includes valves 37a, 37b, and 37c. Duct 31' is an n- 
way junction that is preferably coupled to a first port of n valves 37a, 37b, and 37c. Similarly, 
orifice 29 leads to duct 33', which extends from cylinder 24' to the second port of valves 37a, 
37b, and 37c. Orifices 27 and 29 are arranged such that one of the orifices is near one end of 
cylinder 24', and the other orifice is positioned near the opposite end of the cylinder, as described 
with reference to Figure lb. 

Damper assembly 12' functions as a closed loop system as in Figure lb. When piston 26 
is moved by the user in a direction indicated by arrow 35, fluid 39 can flow from the interior of 
cylinder 24' at the "front" of the cylinder, through orifice 27, through valves 37a, 37b, and/or 37c 
(if the particular valve is open), and into cylinder 24* through orifice 29. Likewise, when piston 
26 is moved in a direction opposite to that of arrow 35, fluid 39 moves from the interior of cylinder 
24', through orifice 29, through valves 37a, 37b, and 37c, through orifice 27, and back into the 
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cylinder 24'. As described with reference to Figure lb, the closed loop system of Figure 3b is 
most suitable for damping systems using fluids other than air. 

Valves 37a, 37b and 37c of valve assembly 80' can be controlled by computer system 16 to 
alter the amount of fluid flowing through each of the valves. Computer system 16 can send signals 
over buses 97, 98, and 99, to adjust the size of an orifice in valves 37a, 37b, and 37c 
respectively. In an embodiment where the valves are on-off valves, each valve 37a 37b and 37c 
can be provided with a differently-sized orifice. The amount of fluid flow can thus be controlled 
similarly as described with reference Figure 3a by opening valves 37a, 37b, and 37c singly or in 
conjunction to provide eight different possible flow rates. In other embodiments, servo valves can 
be used as described above to provide a much greater selection of flow rates. In yet other 
embodiments, more valves 37 can be added to provide additional flow rates. 

In an alternate embodiment, a electrological fluid 39' as described with reference to Figure 
lc can be provided within cylinder 24'. Electrodes can be included in valves 37a-c (or in place of 
valves 37a^) to allow computer system 16 to control the viscosity of the fluid 39' and thus the 
15 damping resistance to the movement of object 18. 

Figure 4a is a schematic illustration of an interface system 100 in which two degrees of 
freedom are provided to user object 18. Two transducer systems 10a and 10b as shown in Figure 
la are mcluded to provide two linear degrees of freedom to the object. Transducer system 10a 
includes a damper assembly 12a and a sensor 14a, and transducer system 10b includes a damper 
assembly 12b and a sensor 14b. A computer system 16 (not shown) is preferably coupled to the 
transducer systems 10a and 10b as shown in Figure la. 

on , RgUre e3Ch damPer aSS6mbly 123 "* 12b P referabl y includes * P^ton assembly 
20a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors 14a and 14b are 
grounded. A piston 26a and 26b moves along a linear degree of freedom, indicated by arrows 36 
and 37 respectively, within cylinders 24a and 24b, respectively. Valves 22a and 22b are 
preferaUy controlled by computer system 16 to change the damping resistance to the motion of 
piston 26a and 26b, respectively. 

A first end of piston rod 28a is coupled to piston 26a, and a second end of piston rod 28a is 

SETou^S! ° fj0iDtm " la - A -taryjointl02acouplesthepiston rod 28a to joint 
member 101a that allows joint member 101a to rotate about floating axis Z h as described below 

A second endofjoint member lOlaisrotatably coupled to a second end of joint member 101b by a 
rotary joint 103. User object 18 is preferably coupled to joint member 101b (or 101a). 

Piston assembly 20b has equivalent components to piston assembly 20a. Piston 26b is 
coupled to piston rod 28b, which is rotatably coupled to a first end of joint member 101b by I 
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rotary joint 102b. Joint member 101b can thus rotate about floating axis Z2. The second end of 

joint member 101b is rotatably coupled to the second end of joint member 101a by a rotary joint 
103, which provides an axis of rotation Z3. 

Object 18 can be moved by a user along linear axis 36 or linear axis 37. When object 18 is 
moved along axis 36 toward or away from valve 22a, then piston 26a, piston rod 28a, and joint 
member 101a are correspondingly moved toward or away from valve 22a and retain the same 
relative position as shown in Figure 4a. However, joint member 101b rotates about floating axis 
Z2 and floating axis Z3 in accordance with the movement of joint member 101a. Likewise, when 
object 18 is moved along axis 37 toward or away from valve 22b, then piston 26b, piston rod 28b, 
and joint member 101b are correspondingly moved toward or away from valve 22b and retain the 
positions as shown in Figure 4a. Joint member 101a rotates about floating axes Zi and Z3 in 
accordance with the movement of joint member 101b. When object 18 is moved simultaneously 
along both axis 36 and 37 (e.g., object 18 is moved diagonally), then both joint members 101a and 
101b rotate about their respective axes. 

Figure 4b is a perspective view of the interface system 100 of Figure 4a. Piston rods 28a 
and 28b and joint members 101a and 101b are preferably rectilinear members that may be rotatably 
coupled to each other at flat surfaces of the members with rotaiy couplings or hinges 102a, 102b, 
and 103. In the described embodiment, one joint member 101a is coupled under piston rod 28a 
and the other, joint member 101b is coupled over piston rod 28b. Alternatively, the piston rods and 
joint members can be coupled together in many different configurations. Object 18 can be many 
types of objects, and is shown as a joystick in Figure 4b that is coupled to joint member 101b. 
Sensors 14a and 14b are preferably coupled to joint members 101a and 101b, respectively, but are 
not shown in Figure 4b. 

Figure 5a is a schematic diagram of an alternate embodiment 100' of the interface system 
100 shown in Figure 4a using transducer system 10 of Figure la. In Figure 5a, two transducer 
systems 10a and 10b as shown in Figure la are included to provide two linear degrees of freedom 
to object 18. Transducer system 10a includes a damper assembly 12a and a sensor 14a, and 
transducer system 10b includes a damper assembly 12b and a sensor 14b. A computer system 16 
(not shown) is preferably coupled to the transducer systems 10a and 10b as shown in Figure la. 

As in Figure 4a, each damper assembly 12a and 12b of Figure 5a preferably includes a 
piston assembly 20a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors 
14a and 14b arc grounded. A piston 26a and 26b moves along a linear degree of freedom, 
indicated by arrows 36 and 37, respectively, within cylinders 24a and 24b, respectively. Valves 
22a and 22b are preferably controlled by computer system 16 to change the damping resistance to 
the motion of piston 26a and 26b, respectively. 
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Piston rod 104a is a flexible member, preferably made of a resilient material such as 
flexible plastic, rubber, metal, or the like. As shown below in Figure 5d, piston rods 104a and 
104b are preferably narrow in the dimension that the rod is to flex, and wide in the dimensions in 
which the rod is to remain rigid. A rigid member 107a couples piston rod 104a to piston 26a. 
Rigid member 107a provides a rigid surface to couple sliding member 46a of sensor 14a to the 
piston 26a. In other embodiments, sensor 14a can be placed in other positions without having to 
use sliding member 46a (such as inside cylinder 24a), thus permitting rigid member 107a to have a 
shorter length. Piston rod 104a is rigidly coupled to an object member 105 at the other end of the 
piston rod. Member 105 can be a part of object 18 or a platform or other base for supporting 
object 18. 

Damper assembly 12b is coupled to object 18 in a similar manner. Flexible piston rod 
104b is coupled to piston 26b by rigid member 107b, and sliding member 46b of sensor 14b is 
coupled to rigid member 107b. Flexible piston rod 28b is coupled to object member 105 at its 
other end. 

Object 18 can be moved by a user along linear axis 36 or linear axis 37. Piston rods 28a 
and 28b flex appropriately as the object is moved, as shown below in Figures 5b and 5c. 

Figure 5b shows the movement of object 18 in a single linear degree of freedom using 
interface system 100'. Object 18 and member 105 are moved in the direction of arrow 93. Piston 
rod 104b does not flex since the direction of movement is directed down (substantially parallel to) 
the longitudinal axis of the piston rod. However, since piston assembly 20a is grounded and fixed 
in place, piston rod 28a bends as shown in Figure 5b. This occurs when the direction of 
movement of object 18 is substantially perpendicular to the longitudinal axis of piston rod 28a, i.e. 
when object 18 is moved in the linear degree of freedom indicated by arrow 37 in Figure 5a. 

Figure 5c shows the movement of object 18 in the other linear degree of freedom using 
interface system 100'. Object 18 and member 105 are moved in the direction of arrow 95. 
Similarly as described in Figure 5b, piston rod 104a does not flex since the direction of movement 
is directed substantially parallel to the longitudinal axis of piston rod 104a. Piston rod 28a, 
however, bends as shown when the direction of movement of object 18 is substantially 
perpendicular to the longitudinal axis of piston rod 28b, i.e. when object 18 is moved in the linear 
degree of freedom indicated by arrow 36 in Figure 5a. 

When object 18 is moved simultaneously along both axis 36 and 37 (e.g., object 18 is 
moved diagonally, then both piston rods 28a and 28b flex in conjunction with the movement. 

Figure 5d is a perspective view of the interface system lOO 1 of Figure 5a. Piston rods 28a 
and 28b and rigid members 107a and 107b can be rectilinear members or have cross sections of 
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other shapes. Preferably, piston rods 104a and 104b are narrow in the dimension in which the rod 
is to flex when object 18 is moved, and wide in the dimensions in which the rod is to remain rigid. 
For example, piston rod 104a has a relatively small width in the dimension of axis 37, since rod 
104a flexes in that dimension. Correspondingly, rod 104a has a realtively large width in the 
dimension of axis 36 and in the dimension of axis Z, since rod 104a preferably does not flex in 
those dimensions. Piston rods 104a and 104bb are rigidly coupled to member 105 at one end. 
Object 18 is shown as a joystick in Figure 5d that is coupled to object member 105. Sensors 14a 
and 14b are preferably coupled to rigid members 107a and 107b, respectively, but are not shown 
in Figure 5d. 

Figure 5e is a perspective view of interface system 100' of Figure 5a in which a stylus- 
receiving user object 18 is provided. The interface system of Figure 5e functions as described with 
reference to Figures 5a-5d. However, user object 18 is implemented as a stylus-receiving object 
111, which is preferably a flat, small object that includes a stylus aperture 1 1 la. As shown in 
Figure 5f, a stylus 1 15 or a similar pointed article can be inserted into aperture 1 1 la by a user. The 
user can then move the stylus 115 along a provided degree of freedom indicated by arrows 119, 
which causes object 1 1 1 to accordingly move in the same direction. Alternatively, stylus 1 15 can 
be permanently coupled to object 111. 

The embodiment of Figure 5e can be used in a writing interface where the user uses the 
interface to write words input to a computer system, or in a pointing interface to direct and move 
computer-implemented objects. The object 1 1 1 alone can be considered the "user object" 18 in this 
embodiment. Alternatively, both stylus 115 and object 111 can collectively be considered user 
object 18, particularly in embodiments where stylus 1 15 is permanently fixed to object 111. 

Figure 5g is a perspective view of interface system 100' of Figure 5a in which a finger- 
receiving user object 18 is provided. The interface system of Figure 5g functions as described 
wiih reference to Figures 5a-5d. In this embodiment, user object 18 is implemented as a finger- 
receiving object 1 13, which includes a divot 1 13a. As shown in Figure 5h, a user may insert his 
or her finger into divot 1 13a and thereby move object 1 13 in the provided degrees of freedom as 
indicated by arrows 119. Divot 113a allows the user's finger to cling to the object 113 when the 
user's finger is moved. In other embodiments, features other than or in addition to divot 1 13a can 
be provided on finger-receiving object 113 to allow the user's finger to cling to the object. For 
example, one or more bumps, apertures, or other projections can be provided. Also, other digits 
or appendages of the user can be received, such as a user's entire hand, foot, etc. The interface of 
Figure 5g can be used to allow the user to move, point to, or otherwise manipulate computer 
generated objects in an easy, natural fashion. 
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Figure 6a is a schematic illustration of a transducer system 106 sensing a rotary degree of 
freedom of an object and providing a passive damping resistance to the motion of the object. As 
shown in Figure 4a, interface system 106 is applied to a mechanism having one degree of freedom, 
as shown by arrows 107. Embodiments in which system 106 is applied to systems having 
additional degrees of freedom are described subsequently. Transducer system 106 includes a 
passive damper assembly 108, a sensor 110, and an optional play mechanism 114. A computer 
system (not shown) is preferably coupled to the transducer system 106 similar to the embodiments 
shown in Figures 1-3. 

Damper assembly 108 transmits a resistive force (i.e., drag) to an object 18 and includes a 
piston assembly 1 16, a valve 1 18, and a rotating member 120. Piston assembly 1 16 includes a 
cylinder 122, a piston 124, and a piston rod 126. Piston 124 moves along a linear degree of 
freedom within an interior of cylinder 122, as indicated by axis 128. Cylinder 1 22 is grounded, 
as shown by symbol 123. A fluid flows through an orifice 130 at the far end of cylinder 122 when 
piston 124 is moved within the cylinder. Valve 118 controls the fluid flow by selecting one of 
multiple ports 132 which provide orifice openings of varying widths. The movement of piston 
124 can thus be influenced by a damping resistance related to the amount of fluid flow allowed 
through valve 118. Additional valves can be coupled to valve 118 in series or in parallel, as 
described above, to provide additional amounts of damping resistance to the movement of piston 
124. Piston assembly 116and valve 118 can thus be implemented as described above in any of the 
previous embodiments of Figures la, lb, 2, 3a, or 3b. In addition, piston assembly 116 can be 
implemented using electrorheological fluids as described above with reference to Figure lc. 

Rotating member 120 is coupled to piston 124 by piston rod 126. In the described 
embodiment, piston rod 126 is coupled to piston 124 by a ball joint 134 at one end of the piston 
rod. Similarly, piston rod 126 is coupled to rotating member 120 by another ball joint 136 at the 
other end of the piston rod. The ball joints 134 and 136 allows the piston rod to move at an angle 
with respect to the surfaces to which it is attached, thus permitting rotational movement of rotating 
member 120 to be converted into the linear movement of piston 124, as demonstrated in Figure 4b. 
Other types of connections can also be provided to rotatably connect the piston to the rotatable 
member, as is well known to those skilled in the art. 

Rotating member 120 is rigidly coupled to a main shaft 140 which extends from rotating 
member 120 to sensor 1 10. Rotating member 120 and main shaft 140 can be rotated about an axis 
A. Damper assembly 108 provides a rotational damping resistance or frictional force (i.e. drag) on 
mam shaft 140 in the provided rotary degree of freedom, shown by arrows 107. Damper 
assembly 108 is thus passive and cannot provide an active force to shaft 140 (i.e damper 
assembly 108 cannot input energy into the system to cause shaft 140 to rotate). Thus, an external 
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rotational force, such as a force generated by a user, is applied to shaft 140, and passive damper 
assembly 1 08 provides a damping resistance to that external rotational force. 

Sensor 110 is preferably rigidly coupled to shaft 114 and senses bi-directional rotary 
motion of main shaft 114 about axis A. Sensor 110 preferably provides a electrical signal 
indicating the rotational position of shaft 114 and is preferably grounded as indicated by symbol 
142. In the described embodiment, sensor 1 10 is a digital optical encoder which provide signals to 
measure the angular rotation of a shaft of the sensor. In alternate embodiments, sensor 1 10 can be 
separated from object 18 and shaft 1 14. For example, a sensor having an emitter and detector of 
electromagnetic energy might be disconnected from the rest of transducer system 106 yet be able to 
detect the rotational position of object 18 using a beam of electromagnetic energy, such as infrared 
light. Similarly, a magnetic sensor could detect the position of object 18 while being uncoupled to 
shaft 1 14 or object 18. The operation of such sensors are well-known to those skilled in the art. A 
suitable sensor for the transducer system 106 is optical encoder model EZ marketed by U.S. 
Digital of Vancouver, Washington. 

Sensor 110 has a sensing resolution, which is the smallest change in rotational position of 
coupling shaft 114 that the sensor can detect. For example, an optical encoder of the described 
embodiment may be able to detect on the order of about 3600 equally-spaced "pulses" (described 
below) per revolution of shaft 114, which is about 10 detected pulses per degree of rotational 
movement. Thus, the sensing resolution of this sensor is about 1/10 degree in this example. In an 
alternate embodiment described below, it is desired to detect the desired play between damper 
assembly 108 and object 18, and this desired play should not be less than the sensing resolution of 
sensor 1 10 (e.g., 1/10 degree). Preferably, the desired play between damper and object would be 
at least 1/5 degree in this example, since the encoder could then detect two pulses of movement, 
which would provide a more reliable measurement and allow the direction of the movement to be 
more easily determined. 

Object 18 is rigidly coupled to main shaft 1 14. Object 18 can take a variety of forms, as 
described in previous embodiments, and can be directly coupled to main shaft 114 or can be 
coupled through other intermediate members to shaft 1 14 . As object 18 is rotated about axis A, 
shaft 1 14 is also rotated about axis A and sensor 110 detects the magnitude and direction of the 
rotation of object 18. 

In an alternate embodiment, a coupling 1 14 for introducing a desired amout of "play" can 
be included in interface 106, preferably positioned between the sensor 110 and the damper 
assembly 108. In this embodiment, main shaft 140 extends from sensor 1 10 to coupling 1 14, and 
a separate damper shaft 144 extends from coupling 1 14 to rotating member 120. Coupling 1 14 is 
rigidly coupled to main shaft 140 and non-rigidly coupled to damper shaft 144. Coupling 1 14 can 
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20 1S rigidly coupled to damper shaft 144. 
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play less than the sensing resolution of the sensor (preferably a negligible amount). The play 
between damper assembly 108 and object 18 is described in greater detail below; A suitable 
encoder to be used for sensor 1 10 is the "Softpot" from U.S. Digital of Vancouver, Washington. 

As stated above, coupling 1 14 is suited for mechanical systems that include the low-cost 
5 damper assembly 108. If a controlling computer system, such as computer system 16, is to 
provide force feedback to object 18 being held and moved by a user, the computer system should 
be able to detect the direction that the user is moving the object even when the damper assembly is 
applying maximum force to the object to lock the object in place. However, when using pneumatic 
passive dampers of the present invention which do not inherently allow a measurable amount of 

10 play, such detection is difficult. The pneumatic dampers of Figure 4a provide a resistive force or 
friction to motion in both rotational directions about axis A (Le., bi-directional resistance). Thus, 
4 when force from a damper prevents movement of an object in one direction, it also prevents 
movement in the opposite direction. This typically does not allow the sensors to transduce 
movement of the object in the opposite direction, unless the user overpowers the damper by 

15 providing a greater force than the damper's resistive force. This also applies to the linear 
movement as shown with respect to Figures 1-3, i.e., linear play can be implemented instead of 
rotary play. Compliance or backlash can be implemented between linearly moving (i.e., 
translatable) components. For example, sensor 14 can be rigidly coupled to object 18 as shown in 
Figure la, but the connection between piston 26 and object 18 can include an amount of play 

20 provided by a small spring, flexible member, etc. Or, a small amount of space can be provided 
between interlocked translatable components to provide play in accordance with the present 
invention. 

For example, object 18 may be a one-degree-of-freedom joystick used for moving a video 
cursor that moves in the direction indicated by the joystick on a video screen. The user moves the 

25 cursor into a virtual (computer generated) "wall", which blocks the motion of the cursor in one 
direction. The controlling computer system also applies force feedback to the joystick by closing 
valve 1 18 to prevent the user from moving the joystick in the direction of the wall, thus simulating 
the surface of the wall. If sensor 1 10 is rigidly coupled to damper shaft 1 14, a problem occurs if 
the user wishes to move the joystick in the opposite direction to the wall. Since the damper has 

30 locked the joystick in both directions, the computer cannot detect when the user switches the 
joystick's direction unless the user overpowers the damper. Thus, to the user, the cursor feels like 
it is "stuck" to the wall. 

Applicant's introduced ("desired") play between object 18 and damper assembly 108 solves 
this problem effectively and inexpensively. The play allows the joystick or other connected object 
35 to be moved slightly in the opposite direction even when the damper applies maximum resistance to 
the joystick's movement. The sensor, being rigidly attached to the joystick, is not locked by the 
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damper and detects the change in direction. The sensor relays the movement to the computer, 
which opens valve 1 18 to allow the joystick to be moved freely in the opposite direction. Thus the 
play mechanism allows "uni-directional" resistance to be simulated on the user object. If the user 
should move the cursor into the wall again, the valve would be again be similarly closed. A 
5 method for controlling damper assembly 108 to provide such uni-directional resistance is described 
with reference to Figure 16. 

In many embodiments of the present invention, such desired play may not be necessary. 
For example, when using pneumatic piston assemblies, there is typically an amount of play that 
inherently exists when the valve is closed to due air leakages in the piston cylinder and the 
10 compressibility of air. Thus, the piston will be able to be moved a small amount when maximum 
damping resistance is applied. The sensor 14 or 110 can be rigidly coupled to the object to detect 
this play movement. This type and similar types of damper assemblies thus may not need coupling 
1 14 and damper shaft 144 to provide the desired play and uni-directional resistance. 

Other devices or mechanisms besides the use of play can be used in other embodiments to 
15 detect the direction of motion of object 18 while passive dampers are holding the object in place. 
For example, force sensors can be coupled to the object to measure the force applied to the object 
by the user along desired degrees of freedom. A force sensor can detect if a user is applying a 
force, for example, towards the virtual wall or away from the virtual wall, and the computer can 
activate or deactivate the passive dampers accordingly. Dehberately-introduced play between 
20 object and damper is thus not required in such an embodiment. However, such force sensors can 
be expensive and bulky, adding to the cost and size of the interface mechanism. 

Figure 6b is a schematic diagram of transducer system 106. Object 18 has been moved by 
the user about axis A in the direction indicated by arrow 146. Accordingly, shaft 140 and thus 
rotating member 120 rotate in the same direction, as indicated by arrow 148. This causes piston 
124 to move in the direction of arrow 150. As shown in Figure 6b, ball joints 134 and 136 allow 
piston rod 126 to follow the rotational movement of rotating member 120 and cause the linear 
movement of piston 124 without any stress or bending of the piston rod. 

Figure 6c is a side sectional view of damper shaft 144 and coupling 1 14 taken along line 
6c-6c of Figure 6a as used in the alternate embodiment in which a desired amount of play is 
provided between damper assembly 108 and object 18. In this described embodiment, rotary 
backlash is used to provide play between damper assembly 108 and coupling 114. In alternate 
embodiments, backlash can be provided between damper 108 and coupling 114 using different 
components, such as gears, pulleys, etc. Damper shaft 144 is keyed and is rigidly coupled to 
damper assembly 108 (rotating member 120). Keyed shaft 144 mates with keyed coupling 1 14 
The cross-sectional diameter of keyed damper shaft 144 is preferably smaller than bore 152 of 
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coupling 114, to provide the desired backlash. Keyed shaft 144 extends into keyed bore 152 of 
coupling 114. In Figure 6c, gap 154 is provided around the entire perimeter of shaft 144. In 
alternate embodiments, gap 154 can be provided only between the sides of the keyed portion 156 
of shaft 144, as described with reference to Figure 6e. 

Figure 6d is a side sectional view of keyed damper shaft 144 and coupling 1 14 taken along 
line 6d-6d of Figure 6c. Keyed shaft 144 is shown partially extending into coupling 1 14. As 
shown in Figure 6c, small gap 154 is preferably provided between coupling 114 and shaft 144. 
When shaft 144 is rotated, coupling 1 14 is also rotated after the keyed portion of shaft 144 engages 
the keyed portion of bore 152, as described with reference to Figure 6e. Main shaft 140 rotates as 
coupling 1 14 rotates, since it is rigidly attached. 

Figure 6e is a detailed view of Figure 6c showing the keyed portions of shaft 144 and bore 
152. Extended keyed portion 156 of shaft 152 protrudes into receiving keyed portion 158 of bore 
152. In alternate embodiments, an extended keyed portion of coupling 114 can protrude into a 
receiving keyed portion of shaft 144, Gap 154 has a width d which determines how much desired 
backlash (play) is introduced between damper assembly 108 and object 18. (Additional 
unintentional backlash or other inherent play can exist between the components of the system due 
to compliance of the shafts, etc.) In the described embodiment, in which sensor 1 10 has a sensing 
resolution of about 1/10 degree, d is preferably about 1/1000 inch. Note that the distance d can 
widely vary in alternate embodiments. The chosen distance d is preferably made small enough to 
prevent the user from feeling the backlash that exists in the system when handling object 18 and yet 
is large enough for the sensor to detect the play (i.e., greater than the sensing resolution of sensor 
110) to allow the sensor to inform the computer the direction that the user is moving object 18. 
Thus, the distance d is highly dependent on the sensing resolution of sensor 1 10. For example, if 
a sensing resolution of 1/100 degree is available, the distance d can be much smaller. The amount 
of backlash that a user can typically feel can depend on the size and shape of object 18; however, 
the backlash described above is not detectable by a user for the majority of possible objects. In 
other embodiments, it may be desirable to allow the user to feel the backlash or other play in the 
system, and thus a greater distance d can be implemented. 

In the preferred embodiment, distance d allows rotational movement of coupling 1 14 at 
least equal to the sensing resolution of sensor 1 10 in either direction, thus allowing a total backlash 
of distance of 2d between surfaces 162 and 164 of coupling 1 14. Alternatively, a total backlash of 
distance d between surfaces 162 and 164 can be implemented (half of the shown distance). In 
such an embodiment, however, sensor 110 would only be able to detect movement from one limit 
of the backlash to the other limit, and, for example, movement of coupling 1 14 from a center 
position (as shown in Figure 6e) would not be detected. 
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devices such as pneumatic piston/cylinders may include an amount of inherent compliance, so that 
a flexible coupling may not be needed. 

Figure 7 is a schematic diagram of an alternate embodiment 106' of transducer system 106. 
Embodiment 106' is similar to system 106 except for the placement of the damper assembly 108. 
5 Object 18 is coupled to main shaft 140, which rotates about axis A. Sensor 1 10 is rigidly coupled 
to main shaft 140 and operates as described with respect to Figure 6a. Opposite coupling 170 is 
provided at the end of main shaft 140 opposite to sensor 1 10 to provide support. 

Damper assembly 108 is substantially similar to the damper assembly shown in Figure 6a, 
and includes a piston assembly 116 and a valve 118. Piston assembly 116 includes a piston 

10 cylinder 122, a piston 124, and a piston rod 126 coupled to piston 124 at one end. However, 
instead of coupling the other end of piston rod 126 to a rotating member 120, the rod end is 
coupled to object 18 with a ball joint 172 similar to the ball joint 134 shown in Figure 6a. When 
object 18 is rotated about axis A, as shown by arrows 107, piston rod 126 and piston 124 are also 
moved in a linear direction along axis 128. The fluid flow through orifice 130 and valve 1 18 is 

15 controlled similarly as described with reference to Figures la and 6a to cause a damping resistance 
to the motion of object 18. 

Figure 8 is a schematic diagram of a preferred interface system 180 in accordance with the 
present invention that provides two or three degrees of freedom to user object 18 and mechanical 
input and output. System 180 includes a gimbal mechanism 182, optional linear axis member 184, 
20 transducer systems 106a and 106b, and user object 18. 

Gimbal mechanism 182, in the described embodiment, provides support for system 180 on 
a grounded surface 186 (schematically shown as part of member 188). Gimbal mechanism 182 is 
preferably a five-member linkage that includes a ground member 188, extension members 190a 
and 190b, and central members 192a and 192b. Ground member 188 is coupled to a base or 

25 surface which provides stability for system 180. Ground member 188 is shown in Figure 8 as two 
separate members coupled together through grounded surface 186. The members of gimbal 
mechanism 182 are rotatably coupled to one another through the use of bearings or pivots, wherein 
extension member 190a is rotatably coupled to ground member 188 and can rotate about an axis B , 
central member 192a is rotatably coupled to extension member 190a and can rotate about a floating 

30 axis D, extension member 190b is rotatably coupled to ground member 188 and can rotate about 
axis C, central member 192b is rotatably coupled to extension member 190b and can rotate about 
floating axis E, and central member 192a is rotatably coupled to central member 192b at a center 
point P at the intersection of axes D and E. The axes D and E are "floating" in the sense that they 
are not fixed in one position as are axes B and C. Axes B and C are substantially mutually 

35 perpendicular. As used herein, "substantially perpendicular" will mean that two objects or axis are 
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Also preferably coupled to gimhal mechanism 182 are transducer systems 106a and 106b 
for tnmsducutg ^ degrees of freedom, including sensors and dampers as described in Figure 
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It should be noted that interface system 180 is only one particular embodiment of a 
mechanism for implementing two or more degrees of freedom. The passive transducer systems 10 
and 106 of the present invention can be used with a variety of mechanical apparatuses, such as 
slotted yoke joystick mechanisms, other types of gimbal mechanisms, etc., which are well known 
to those skilled in the art. A slotted yoke joystick mechanism is described below with reference to 
Figure 11. 

In alternate embodiments, user object 18 can be provided with additional degrees of 
freedom using the gimbal mechanism of interface system 180. For example, a linear degree of 
freedom can be provided to joystick 18 in Figure 8 by allowing the joystick to be linearly moved 
along floating axis F as shown in Figure 8. Joystick 18 can be translatably coupled to the ends of 
central members 190a and 190b. Axis F can be rotated about axes B,C, D, and E as joystick 18 is 
rotated about these axes. A transducer system 10 or 106 can be provided to sense and/or dampen 
movement along axis F. Additional degrees of freedom can be provided to object 18 as well, for 
example, using a floating gimbal mechanism or other mechanical apparatus. 

Figures 9 and 10 are perspective views of a specific embodiment 202 of interface system 
180 for providing two degrees of freedom to object 18 and mechanical input and output to a 
computer system in accordance with the present invention. Figure 9 shows a front view of system 
202, and Figure 10 shows a rear view of the system. System 202 includes a gimbal mechanism 
182, sensors 110, damper assemblies 108, and user object 18. Object 18 is shown in this 
embodiment as a joystick handle which can be moved in two degrees of freedom. Interface system 
202 operates in substantially the same fashion as system 180 described with reference to Figure 8. 

Gimbal mechanism 182 provides support for system 202 on a grounded surface 186, such 
as a table top or similar surface. The members and joints ("bearings") of gimbal mechanism 182 
are preferably made of a lightweight, rigid, stiff metal, such as aluminum, but can also be made of 
other rigid materials such as other metals, plastic, etc. Gimbal mechanism 182 includes a ground 
member 188, extension members 190a and 190b, central drive member 192a, and central link 
member 192b. Ground member 188 includes a base member 204 and vertical support members 
206. Base member 204 can be coupled to grounded surface 186 (or may rest on grounded surface 
186) and provides two outer vertical surfaces 205 which are in a substantially perpendicular 
relation which each other. A vertical support member 206 is coupled to each of these outer 
surfaces of base member 204 such that vertical members 206 are in a similar substantially 90- 
degree relation with each other. 

Rotating members 120a and 120b are each preferably rotatably coupled to a vertical 
member 206. Member 120a rotates about axis B and member 120b rotates about axis C. Rotating 
members 120a and 120b function as described above with reference to Figures 6a and 8. 
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Extension member 190a is rigidly coupled to rotating member 120a and is rotated about 
axis B as the rotating member is rotated. Likewise, extension member 190b is rigidly coupled to 
the other rotating member 120b and can be rotated about axis C. Both extension members 190a 
and 190b are formed into a substantially 90-degree angle with a short end 208 coupled to rotating 
members 120a and 120b. Central drive member 192a is rotatably coupled to a long end 209 of 
extension member 190a and extends at a substantially parallel relation with axis C. Similarly, 
central link member 192b is rotatably coupled to the long end of extension member 190b and 
extends at a substantially parallel relation to axis B (as better viewed in Figure 10). Central drive 
member 192a and central link member 192b are rotatably coupled to each other at the center of 
rotation of the gimbal mechanism, which is the point of intersection P of axes B and C. Bearing 
210 connects the two central members 192a and 192b together at the intersection point P. 

Gimbal mechanism 182 provides two degrees of freedom to an object positioned 
approximately at or coupled to the center point P of rotation. An object approximately at or 
coupled to point P can be rotated about axis B or C or have a combination of rotational movement 
about these axes (when a combination of rotational movement is implemented, the object actually 
rotates about the floating axes D and/or E instead of axes C and/or B, respectively, as shown and 
described with reference to Figure 8). 

Damper assemblies 108a and 108b are preferably coupled to gimbal mechanism 182 to 
provide input and output signals between interface system 202 and computer system 16 (not 
shown). Damper assembly 108a is coupled to ground member 204 and to extension member 
190a, and likewise damper assembly 108b is coupled to ground member 204 and to extension 
member 190b. As described in the above embodiments, damper assemblies 108a and 108b each 
preferably include a piston assembly 116 and a valve 118, where the piston assembly includes a 
cylinder, piston, and piston rod which couples the piston to a corresponding rotating member 120. 
Computer system 16 can control the flow of a fluid through the piston cylinders and valves by 
sending and receiving electrical signals to the valves, as described above. Damper assembly 108a 
thus provides damping resistance to the motion of object 18 in the first degree of freedom about 
axis B (or floating axis E), and damper assembly 108b provides damping resistance to the motion 
of object 18 in the second degree of freedom about axis C (or floating axis D). 

Sensors 1 10a and 1 10b are provided to detect the position of the object 18 about the two 
degrees of freedom and relay this position to computer system 16. The cylinder of grounded 
sensor 110a is preferably coupled to the outside surface of a vertical support member 206 and 
measures the position of object 18 in the first degree of freedom about axis B (or axis E), i.e., 
sensor 1 10a is "associated with" or "related to" the first degree of freedom. A rotational shaft of 
sensor 110a is coupled to main shaft 140 which extends from extension member 190a, through 
rotating member 120a, through vertical member 206, to sensor 110 to transmit rotational 
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movement along the first degree of freedom Sensor 1 10b preferably corresponds to sensor 1 10a 
in function and operation, except that sensor 110b is associated with a second degree of freedom 
about axis C (or axis D). Sensor 1 10b is coupled to the other vertical support member 206. In 
alternate embodiments, sensors 110a and 110b can be positioned in other locations on gimbal 
mechanism 182. For example, the sensors can be coupled to their corresponding extension 
members 190a and 190b on the opposite side of vertical members 206 shown in Figures 9 and 10. 

Sensors 1 10a and 1 10b are preferably relative optical encoders which provide signals to 
measure the angular rotation of a shaft extending through the sensor. The electrical outputs of the 
encoders are routed to computer system 16 via buses as detailed with reference to Figures la, 12, 
and 13. Other types of sensors can also be used, such as potentiometers, linear encoders, etc. 

It should be noted that the present invention can utilize both absolute and relative sensors. 
An absolute sensor is one which the angle of the sensor is known in absolute terms, such as with 
an analog potentiometer. Relative sensors only provide relative angle information, and thus require 
some form of calibration step which provide a reference position for the relative angle information. 
The sensors described herein are primarily relative sensors. In consequence, there is an implied 
calibration step after system power-up wherein the sensor's shaft is placed in a known position 
within the interface system 202 and a calibration signal is provided to the system to provide the 
reference position mentioned above. All angles provided by the sensors are thereafter relative to 
that reference position. Such calibration methods are well known to those skilled in the art and, 
therefore, will not be discussed in any great detail herein. 

The transducer assemblies 108a and 108b of the described embodiment are advantageously 
positioned to provide a very low amount of inertia to the user handling object 18. Transducer 
assemblies 108a and 108b are decoupled, meaning that the transducers are both directly coupled to 
ground member 204 which is coupled to ground surface 186, i.e. the ground surface carries the 
weight of the dampers, not the user handling object 18. Similarly, sensors 110a and 1 10b are 
coupled to vertical members 206 which are coupled to ground surface 186. The weights and 
inertia of the dampers and sensors are thus substantially negligible to a user handling and moving 
object 18. This provides a more realistic interface to a virtual reality system, since the computer 
can control the dampers to provide substantially all of the damping resistances felt by the user in 
these degrees of motion. Interface system 202 is a high bandwidth force feedback system, 
meaning that high frequency signals can be used to control damper assemblies 108 and these high 
frequency signals will be applied to the user object with high precision, accuracy, and 
dependability. The user feels very little compliance or "mushiness" when handling object 18 due 
to the high bandwidth. In contrast, in typical prior art arrangements of multi-degree of freedom 
interfaces, one transducer "rides" upon another transducer in a serial chain of links and transducer. 
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Damper assembly 108a is preferably a pneumatic damper as described above with reference 
to Figure 6a. In alternate embodiments, damper assembly 108a can be instead coupled to shaft 
226c next to bearing 224a. In yet other embodiments, sensor 1 10a can be coupled to shaft 226c or 
bearing 224a can be implemented as another sensor like sensor 1 10a. 

Similarly, slotted yoke 222b is rigidly coupled to shaft 226b and sensor 110b at one end 
and shaft 226d and bearing 224b at the other end. Yoke 222b can rotated about axis H and this 
movement can be detected by sensor 1 10b. Damper assembly 108b is coupled to shaft 226b and is 
described in greater detail above with reference to Figure 6a. Damper assemblies 108a and 108b 
are grounded as shown. 

Alternatively, the linear damper assembly 10 of Figure la can be used in place of the rotary 
actuator assemblies 106 shown in Figure 11. In a different embodiment, the damper assemblies 
108a and 108b can be coupled direcdy to object 18 as shown in Figure 7. 

Object 18 is a joystick that is pivotally attached to ground surface 230 at one end 232 so 
that the other end 234 typically can move in four 90-degree directions from its center position 
above surface 230 (and additional directions in other embodiments). Joystick 18 extends through 
slots 236 and 238 in yokes 222a and 222b, respectively. Thus, as joystick 18 is moved in any 
direction, yokes 222a and 222b follow the joystick and rotate about axes G and H. Sensors 1 10a- 
d detect this rotation and can thus track the motion of joystick 18. The addition of damper 
assemblies 108a and 108b allows the user to experience force feedback when handling joystick 18. 
Other types of objects 18 can also be used in place of a joystick, or additional objects can be 
coupled to joystick 18. 

In alternate embodiments, dampers and couplings can be coupled to shafts 226c and 226d 
to provide additional force to joystick 112. Damper 108a and a damper coupled to shaft 226c can 
be controlled simultaneously by a computer or other electrical system to apply or release force from 
bail 222a. Similarly, damper assembly 108b and a damper coupled to shaft 226d can be controlled 
simultaneously. 

In a different embodiment, a play mechanism 1 14 as shown in Figure 6a can also be rigidly 
coupled to shaft 226a and damper assembly 108a to provide a desired amount of play between 
damper assembly 108a and shaft 226a. Similarly, a coupling can be rigidly coupled to shaft 226b 
and damper 108b. Note that the slotted yoke configuration typically introduces some inherent play 
(such as compliance or backlash) to the mechanical system. Couplings can be added to provide an 
additional amount of play, if desired. Similarly, other interface mechanisms that typically provide 
an amount of inherent play can be used such that the inherent play is measured by sensor 1 10 and 
no play mechanism is required. 
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Figure 12 is a block diagram illustrating a generic control system 250 for the interface 
apparatuses of the present invention. Control system 250 includes computer system 16, sensors 
14 or 1 10, dampers 12 or 108, and control electronics 252. Computer system 16 sends signals to 
and receives signals from transducer systems included in an interface system. A bidirectional bus 
254 is used to provide and receive these signals. In the preferred embodiment, a serial port of 
computer system 16, such as an RS232 port, connects the bi-directional bus to computer system 
16. Alternatively, a parallel port of computer system 16 can be coupled to bus 254, or bus 254 can 
be connected directly to the data bus of computer system 16 using, for example, a plug-in card and 
slot or other access of computer system 16. 

Computer system 16 can input a "sensor signal" on bus 254 from sensors 14 or 110 
representing the position or motion of object 18. Computer system 16 can also output a 
"dampening signal" on bus 254 to dampers 12 or 108 to cause a damping resistance to user object 
18. Sensors 14 or 1 10 and dampers 12 or 108 are described in the embodiments of Figures 1-1 1 
and below in Figures 13 and 14. Control electronics 252 are positioned between computer system 
16 and the sensors and dampers, and can include a variety of different components in different 
embodiments. For example, electronics 252 may just include bus wires connecting computer 
system 16 to the sensors and dampers. Or, electronics 252 may additionally include electionic 
components for communicating via standard protocols on bus 254. In addition, control electronics 
252 can include signal conditioning/processing electronics for receiving signals from sensors 14 or 
1 10 and/or power electronics for driving dampers 12 or 108. 

Preferably, in the present invention, control electronics 252 includes a local embedded 
"control" microprocessor 251 to control sensors and dampers of the interface system independently 
of computer system 16. In such an embodiment, computer system 16 can issue high level 
supenasory commands to the local processor 251 over bus 254. The local processor 251 executes 
local control loops ("reflexes") for sensors and dampers in parallel with the high level control 
routines. Reflexes are useful when using a slower communication interface, such as a serial 
interface. For example, the local microprocessor 251 can be provided with instructions to wait for 
commands or requests from computer system 16, decode the commands or requests, and handle 
input and output signals according to the commands or requests. If computer system 16 sends a 
command to change the damping resistance provided by the dampers, the microprocessor can 
output signals to the damper representing the new damping force to be applied, and can send an 
acknowledgment to computer system 16 that such output was sent. If computer system 16 sends a 
request for sensory input, the control microprocessor can send position data from the sensors to 
die computer 16. Processor 251 can also independently implement command routines to control 
dampers or sensors until a host command is received. Suitable microprocessors for use in such 
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operations include the MC68HC711E9 by Motorola and the PIC16C74 by Microchip, for 
example. 

Control electronics 252 can be provided as a component of the interface system, as shown 
in Figure 12. Alternatively, the control electronics 252 can be included with computer system 16, 
5 such as on an interface card, peripheral, etc. 

Figure 13 is a schematic illustration of a specific embodiment 270 of control system 250 as 
shown in Figure 12. System 270 can send and receive signals to and from transducer system 10 
or 106. System 270 is suitable for use with the dampers of the present invention which provide a 
passive fluid resistance to motion, and which include the two-state on/off valve as described with 
10 reference to Figure la. System 270 includes digital sensor 14 or 110, sensor interface 274, 
transistor 276, voltage protector 278, and solenoid 280. Sensor interface 274, transistor 276, and 
voltage protector 278 can be considered part of the control electronics 252 of Figure 12. A local 
processor 251 (not shown) can also be included in system 270 between computer system 16 and 
transistor 276/sensor interface 274. 

15 Host computer system 16 receives sensor signals from one or more sensors 14 or 110 to 

deteimine the position of the object. The computer system preferably implements a simulation or 
similar virtual environment which a user is experiencing and moving object 18 in response to, as is 
well known to those skilled in the art. In the described embodiment, computer system 16 includes 
interface electronics, which preferably include a serial port, such as an RS-232 interface. This 

20 interface is suitable for controlling the passive dampers of the present invention. 

Sensor 14 or 110 is preferably a digital sensor such as a relative optical encoder, as 
described above. Sensor 14 is preferably an electro-optical device that, for example, responds to a 
shaft's rotation by producing two phase-related signals (in a rotary degree of freedom); or 
produces these two signals in response to movment of a linear shaft (in a linear degree of 

25 freedom). In the described embodiment, a sensor interface 274 can be used to convert the sensor 
signals to signals that can be interpreted by the computer system. For example, sensor interface 
274 receives the two phase-related signals from a sensor 14 or 1 10 and converts the two signals 
into another pair of clock signals, which drive a bi-directional binary counter. The output of the 
binary counter is received by computer system 16 as a binary number representing the angular 

30 position of the encoded shaft. Such circuits, or equivalent circuits, are well known to those skilled 
in the art; for example, the Quadrature Chip LS7166 from Hewlett Packard, California performs 
the functions described above. The position value signals are interpreted by computer system 16 
which updates the virtual reality environment and controls damper 108 as appropriate. Other 
interface mechanisms can also be used to provide an appropriate signal to computer system 16. 

35 Sensor interface 274 can be included within computer system 16, such as on an interface board or 
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card as used in typical personal computer systems. Alternatively, sensor interface 274 can be 
included within transducer system 10 or 106. 

Alternatively, an analog sensor can be used instead of digital sensor 14 or 1 10 for all or 
some of the transducers of the present invention. For example, a strain gauge can be connected to 
measure forces. Analog sensors can provide an analog signal representative of the position of the 
user object in a particular degree of freedom. An analog to digital converter (ADC) can convert the 
analog signal to a digital signal that is received and interpreted by computer system 1 6, as is well 
known to those skilled in the art. The resolution of the detected motion of object 18 would then be 
limited by the resolution of the ADC. However, noise can sometimes mask small movements of 
object 18 from an analog sensor, which can potentially mask the play that is important to some 
embodiments of the present invention. 

Transistor 276 is electrically coupled to computer system 16 at its base terminal and 
operates as an electrical switch for controlling the activation of solenoid 280. Solenoid 280 is 
coupled to the collector of transistor 276 and switches the valve 22 (as shown in Figure 1) or 1 18 
(as shown in Figure 6a) between on and off states to control the damping resistance on the motion 
of object 18. Computer system 16 can send a dampening signal, such as a TTL logic signal on 
bus 282 to control transistor 276 to either allow current to flow through the solenoid to activate it 
and open the valve, or to allow no current to flow to deactivate the solenoid and close the valve as 
is well known to those skilled in the art. Resistor Rl is coupled between the emitter of transistor 
276 and ground, and has a resistance adequate to cause the correct amount of current to flow 
through solenoid 280. Protection circuit 278 is coupled to the collector of transistor 276 and 
provides voltage spike protection to the circuitry and preferably includes two diodes or equivalent 
components. 

Other types of interface circuitry can also be used. For example, an electronic interface is 
described in U.S. Patent Application Serial No. 08/092,974, filed July 16, 1993 and entitled "3-D 
Mechanical Mouse" assigned to the assignee of the present invention and incorporated herein by 
reference in its entirety. The electronic interface described therein was designed for the Immersion 
PROBER 3-D mechanical mouse and has six channels corresponding to the six degrees of 
freedom of the Immersion PROBE. 

i 

Figure 14 is a schematic illustration of circuitry 284 to send and receive signals from 
transducer system 10/106 and interface system 180. Circuitry 284 is suitable for use with passive 
dampers of the present invention which include a variable servo valve that is controlled with an 
analog voltage. Circuitry 284 can also be used to control other passive dampers or actuators such 
as magnetic particle brakes and the like. Circuitry 284 includes computer system 16, digital sensor 
14 or 110, sensor interface 274, digital to analog converter (DAC) 286, amplifier 288, transistor 
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290, voltage protector 278, and solenoid 280. All these components except the computer system 
16 and sensors 14 or 1 10 can be considered as part of control electronics 252. 

Sensor interface 274 receives a signal from sensor 14 or 110 and is coupled to computer 
system 16. These components are substantially similar to the equivalent components described 
5 with reference to Figure 13. DAC 286 is coupled to computer system 16 and receives a digital 
signal from the computer system representing a resistive force value to be applied to user object 18. 
DAC 286 converts the digital signal voltages to analog voltages which are then output to amplifier 
288. A DAC suitable for use with the present invention is described with reference to Figure 15. 
Amplifier 288 receives the analog voltage from DAC 286 on a positive terminal and scales the 

10 voltage signal to a range usable by solenoid 280. Amplifier 288 can be implemented as an 
operational amplifier or the like. Transistor 290 is coupled to the output of amplifier 288 and 
preferably operates as an amplifier to provide increased output current to solenoid 280. Resistor 
Rl is coupled between the negative terminal of amplifier 288 and the emitter of transistor 290, and 
resistor R2 is coupled between the negative terminal of amplifier 288 and ground. For example, 

15 resistors Rl and R2 can have values of 180 kQ and 120 kQ, respectively, and provide the proper 
biasing in the circuit. Voltage protector 278 is coupled to the emitter of transistor 290 and provides 
protection from voltage spikes when using inductive loads, similar to protector 278 of Figure 13. 
Solenoid 280 is coupled to the emitter of transistor 290 and to ground, and can be a standard 
solenoid for use in valves 22. Alternatively, a different passive damper, such as a magnetic 

20 particle brake, can be coupled to circuitry 284 in place of solenoid 280. A separate DAC and 
amplifier can be used for each solenoid or other actuator/damper implemented in the interface 
apparatus so the computer system 16 can control each damper separately for each provided degree 
of motion. Circuitry 284 (and 270 of Figure 13) is intended as one example of many possible 
circuits that can be used to interface a computer system to sensors and dampers. 

25 The computer system 16 shown in Figures 13 and 14 sends and receives signals preferably 

from a serial port, such as an RS-232 serial interface. An advantage of the present invention is that 
slower serial communication signals can be used to control the described passive damper, thus 
allowing a computer's built-in serial interface to be used directly. Alternatively, circuitry 284 can 
be provided on an interface card which can, for example, fit into an interface slot of computer 

30 system 16. For example, if computer 16 is an IBM AT compatible computer, the interface card can 
be implemented as an ISA, EISA, VESA local bus, or other well-known standard interface card 
which plugs into the motherboard of the computer and provides input and output ports connected 
to the main data bus of the computer. 

Figure 15 is a flow diagram illustrating a control process 300 for an interface system 100 or 
35 106 of the present invention. This process can be used generically to provide force feedback to a 
user of the interface. In the preferred embodiment, a local processor is included in control 
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electronics 252 as described above. The steps of process 300 can be implemented from host 
computer 16 or a local processor. 

The process begins at 302, and in a step 304, the interface system is activated. This step is 
the equivalent of powering up the interface so that it can be commanded by host computer 16 
and/or proessor 251. In step 305, a process on computer system 16, such as a simulation, video 
game, etc., is begun or continued. In the process of step 305, images can be displayed for a user 
on an output display device and other feedback can be presented. 

Two branches exit step 305 to indicate that there are two processes running simultaneously, 
i.e. in parallel. Step 306 is implemented in one of the parallel processes, in which the position of 
the user object is read in by the host computer. Preferably, the local processor continually receives 
commands from the host computer 16 to read signals from sensors 14 or 1 10 and to send those 
signals to die host computer 16. After the sensors are read in step 306, the host computer can 
update a game or virtual reality environment in response to the user's movements of object 18 in 
step 305. For example, if the user moves a steering wheel object 18, the computer system 16 can 
move the point of view of the user as if looking out a vehicle and turning the vehicle. Steps 305 
and 306 are repeated continuously and in parallel with other interface processes so that the host 
computer receives the most recent position or change in position of object 18. 

The second branch from step 304 is concerned with the process of controlling the dampers 
of the present invention to provide force feedback to the user manipulating object 18. The second 
branch starts with step 308, in which the host computer (and/or local microprocessor 25 1) check if 
a change in damping resistance is required to be applied to user object 18. This can be determined 
by several types of criteria. For example, if the host computer is implementing a video game, the 
position of a computer generated object within the game may determine if a change in force 
feedback (damping resistance) is called for. If the user is controlling a space ship in the game and 
the space ship collides with an object such as an asteroid, then damping resistance should be 
applied to the user object 18. In many cases, the current position of the user object, as detected in 
step 306, determines whether a change in damping resistance is required. In addition, other 
parameters in the game, simulation, or other process implemented by the computer system 16 can 
determine if a change in damping resistance to the user obejct is necessary. For example, the 
computer system 16 may randomly determine that the user's space ship is impacted with an object 
due to "environmental" conditions which are not dependent on the position of the user object, such 
as a meteor storm, in which a greater damping resistance should be applied to simulate the impact. 

If no change in damping resistance is currently required, then the process continously 
returns to step 308 until such a change in damping resistance is required. When such a change is 
required, step 310 is implemented, in which computer system 16/local processor checks if the new 
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damping resistance is to be uni-directional or bi-directional. Uni-directional damping resistance is 
applied in only one specified direction along a degree of freedom. Thus, the user would feel 
resistance to the motion of the user object 18 is one direction, such as clockwise or left, but would 
be able to freely move the object (or move the object with a different degree of resistance) in the 
5 opposite direction of that degree of freedom (or dimension), such as counterclockwise or right. 
Bi-directional damping resistance is applied to both directions along a degree of freedom so that the 
user would feel the same magnitude of resistance in either direction. Uni- and bi-directional 
resistances can be determined by the game or other process implemented by computer system 16. 
For example, if a user's simulated race car collides into a wall, then uni-directional damping 
10 resistance should be applied only in the direction of the wall, since the user would be able to freely 
move in the reverse direction to the wall. However, if the simulated car is stuck in a simulated 
pool of mud, then bi-directional resistance should be applied, since the car will feel the same 
resistance to motion in any direction. 

If the required damping resistance is uni-directional, step 314 is implemented as described 
15 below. If the required damping resistance is bi-directional, then step 3 12 is implemented, in which 
the desired amount of damping resistance is applied or removed to the user object as specified by a 
command from the host computer. Preferably, the host computer sends a command to the local 
microprocessor 251 indicating the magnitude of damping resistance and the degree of freedom that 
the resistance is to be applied (such as "horizontal" or "vertical"). If a single on-off valve is being 
20 used in the desired degree of freedom, then the magnitude of resistance can be specified as an "on" 
signal (maximum resistance applied) or an "off 1 signal (no resistance applied). If variable 
resistance can be applied, then a number from the host computer can indicate the magnitude of 
damping resistance. The local processor, in turn, implements the command by sending an 
appropriate signal to the appropriate damper. 

25 After the resistance has been applied, the process returns to step 308 to determine if there is 

a change in the applied damping resistance. Preferably, the host computer system 16 only sends a 
command to change the magnitude of the resistance. Thus, if no change in damping resistance is 
required at step 308, the local processor will continue to command the dampers to apply the 
magnitude of resistance that was last provided to the local processor. Once a change in damping 

30 resistance is required, then the process again implements step 310. 

If the required damping resistance in step 310 is not bi-directional, then it is uni-directional. 
Preferably, the host computer system sends a command to the local processor indicating the 
magnitude of the damping resistance to be applied and the specific direction in a degree of freedom 
in which the resistance is to be applied. For example, if a joystick has two degrees of freedom of 
35 "horizontal" and "vertical", then the direction can be specified as "horizontal-left", "horizontal- 
right", "vertical-left" or "vertical-right." Step 314 is then implemented, in which the host 
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computer/local processor checks whether the user object is moving in the designated direction of 
resistance. Since the preferred dampers of the present invention provide resistance bi-directionally, 
as described in the embodiments above, a desired amount of "play" may be implemented to detect 
movement in the direction opposite to the direction of resistance, as explained above with reference 
to Figures 6a-6e. Preferably, the local processor implements step 314 autonomously as a "reflex" 
to remove processing burdens from the host computer, remove communication lag from the 
computer sytem 16 to the user object, and improve system performance. Such a reflex is most 
appropriate when using a serial interface to communicate with the host computer. 

If the user is not moving in the direction of resistance, then the user object can be moved 
freely and the process returns to step 308 to check if a change in the applied damping resistance (or 
lack in applied resistance) is required. If the user is moving in the direction of resistance in step 
314, then step 316 is implemented, in which the specified magnitude of damping resistance is 
applied to the user object. As explained above, the preferred dampers of the present invention 
always apply bi-directional resistance to the user object. Thus, to simulate uni-directional 
resistance, the computer or processor should be able to detect movement opposite to the direction 
of resistance. This is the reason for the inclusion of the play mechanism described with reference 
to Figures 6a-6e. 

After step 316, step 318 is implemented, in which the host computer/local processor again 
checks if the user object is being moved in the designated direction of resistance. If not, then local 
processor (or host computer) removes the applied damping resistance in step 320. The process 
then returns to step 308 to check if a change in damping resistance is required. If the user object is 
being moved in the direction of resistance in step 318, then step 322 is implemented, in which the 
local processor (or host computer) checks if a change in damping resistance is required. This can 
occur if the computer process of step 305 requires a different resistance to be applied, etc., as 
described above with reference to step 308; the host computer can issue a command to processor 
251 to change the applied damping resistance (or remove the applied resistance; a removal 
command can be considered a bi-directional resistance command). If change in resistance is not 
required, then the process returns to step 318 to again check the direction of the user object. If a 
change in resistance is required, the process returns to step 310 to determine if the required 
resistance is bi-direction or uni-directional, as described above. 

Steps 314-322 are preferably implemented as a "reflex" executed autonomously by the local 
processor 251. The local processor can independently check the direction of the movement of the 
user object and apply a uni-directional resistance when appropriate, thus freeing the host computer 
to run the application process of step 305. When a different resistance is to be applied, or a 
resistance removed, the host computer can issue a command to do so at the appropriate time. ' 
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The above-described process can be used to provide a variety of haptic sensations to the 
user through the user object 18 to simulate many different types of tactile events. Three typical 
haptic sensations include a virtual obstruction, a virtual texture, and virtual damping. 

Virtual obstructions are provided to simulate walls and other uni-directional forces in a 
5 simulation, game, etc. For example, the movement of a cursor displayed on a display screen can 
be controlled by a force feedback joystick. An obstruction, like a brick wall, can also be displayed 
on the screen. The user moves the cursor left until the cursor encounters the obstruction. The user 
then feels a physical resistance as he or she continues to move the joystick left, since the local 
processor (receiving a command from the computer system 16) has applied maximum uni- 
10 directional resistance in the direction of the obstruction in step 320 of Figure 16 above. If the user 
moves the cursor away from the obstruction (right), the processor removes the resistance in step 
318 of Figure 16. Thus the user is given a convincing sensation that the virtual obstruction 
displayed on the screen has physical properties. 

Virtual textures can be used to simulate a surface condition or similar texture. For example, 
15 as the user moves a joystick or other user object along an axis, the host computer sends a rapid 
sequence of commands informing the local processor to repetitively 1) apply bi-directional 
resistance along that axis, and 2) to then immediately apply no resistance along that axis. This 
causes an on-off valve, for example, to open and close at a desired frequency. This frequency is 
based upon the travel of the joystick handle and is thus correlated with spatial position. Thus, the 
20 user feels a physical sensation of texture, which can be described as the feeling of dragging a stick 
over a grating. 

Virtual damping can be used to simulate motion through a viscous fluid, wind, or a similar 
resistive or "damping" environment. For example, a cursor controlled by a joystick is moved 
through a region that simulates a thick liquid, such as syrup. The host computer 16 commands that 
25 a bi-directional horizontal and vertical resistance be applied to the joystick when the cursor enters 
the region. The user feels the physical resistance as the cursor moves through the region. The 
resistance is immediately removed when the cursor exits the region. Thus the user is given a 
convincing sensation that the region displayed on the screen has physical properties. 

While this invention has been described in terms of several preferred embodiments, it is 
30 contemplated that alterations, modifications and permutations thereof will become apparent to those 
skilled in the art upon a reading of the specification and study of the drawings. For example, the 
linked members of gimbal apparatus 182 can take a number of actual physical sizes and forms 
while maintaining the disclosed linkage structure. In addition, other gimbal mechanisms can also 
be provided with a linear axis member 184 to provide three degrees of freedom. A variety of 
35 devices can also be used to sense the position of an object in the provided degrees of freedom. 
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Other pneumatic (or hydraulic) devices can also be used to provide a passive resistance to a user 
object in accordance with the present invention. Furthermore, certain terminology has been used 
for the purposes of descriptive clarity, and not to limit the present invention. It is therefore 
intended that the following appended claims include all such alterations, modifications and 
permutations as fall within the true spirit and scope of the present invention. 
What is claimed is: 



WO 96/42078 



47 



PCT/US96/09664 



Claims 

1. An apparatus for interfacing the motion of an object with an electrical system 
comprising: 

a sensor for detecting movement of said object along a degree of freedom, said sensor 
being operative to develop a sensor signal for an electrical system; and 

a passive pneumatic damper coupled to said object for transmitting a drag to said object 
along said degree of freedom to resist a movement of said object, said damper being responsive to 
a dampening signal provided by said electrical system; 

such that said sensor and said pneumatic damper provide an electromechanical interface between 
said object and said electrical system. 



2. An apparatus as recited in claim 1 wherein said pneumatic damper includes a cylinder 
and a piston operative to move within said cylinder. 

3. An apparatus as recited in claim 2 wherein said pneumatic damper further includes a 
valve for regulating a flow of a fluid through said cylinder, said valve being controlled to transmit a 
variable drag to said movement of said object. 

4 An apparatus as recited in claim 3 further comprising a plurality of valves, wherein said 
plurality of valves are controlled to transmit said variable drag to said movement of said object. 

5. An apparatus as recited in claim 3 wherein said valve provides only two amounts of 
drag to said object, said two amounts being no drag to allow substantially free movement of said 
object along said degree of freedom, and a maximum drag to allow substantially no movement of 
said object along said degree of freedom. 

6. An apparatus as recited in claim 3 wherein said valve provides at least three amounts of 
drag to said object along said degree of freedom. 

7. An apparatus as recited in claim 3 wherein said electrical system includes a digital 
computing apparatus, and wherein the size of an orifice in said valve is controlled by said digital 
computing apparatus. 
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8. A system as recited in claim 7 wherein said pneumatic damper includes a solenoid, and 
wherein said solenoid is electrically coupled to said digital computing apparatus and is activated by 
said digital computing apparatus to control said valve. 

9. An apparatus as recited in claim 7 wherein said fluid is air. 

10. An apparatus as recited in claim 3 wherein said sensor includes a digital encoder. 

11. An apparatus as recited in claim 2 wherein said sensor has a sensing resolution, and 
wherein said apparatus further includes a play mechanism coupled between said pneumatic damper 
and said object for providing a desired amount of play between said pneumatic damper and said 
object along said degree of freedom, wherein said desired amount of play is equal to or greater than 
said sensing resolution. 

12. An apparatus as recited in claim 12 wherein said sensor is rigidly coupled to said 
object, and wherein an amount of play less than said sensing resolution exists between said sensor 
and said object. 

13. An apparatus as recited in claim 13 wherein said play includes rotary backlash 
provided by a coupling coupled to said object and having a keyed bore which is smaller than a 
keyed shaft that is received by said keyed bore, said keyed shaft being coupled to said pneumatic 
damper. 

14. An apparatus as recited in claim 7 wherein said object is one of the group consisting of 
a joystick and a stylus. 



15. An apparatus for interfacing the motion of an object with an electrical system 
comprising: 

a transducer mechanism providing a first degree of freedom to an object engaged with said 
transducer mechanism; 

a sensor electrically coupled to said electrical system and rigidly mechanically coupled to 
said tranducer mechanism for sensing positions of said object along said first degree of freedom; 
and 

a braking mechanism electrically coupled to said electrical system and rigidly mechanically 
coupled to said gimbal mechanism to create a passive damping resistance to movement of said 
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object along said first degree of freedom, said braking mechanism including a damping mechanism 
that provides said damping resistance by controlling the flow of a fluid; 

whereby said braking mechanism and said sensor provide an electromechanical interface 
between said object and said electrical system. 

5 16. An apparatus as recited in claim 15 wherein said transducer mechanism includes a 

gimbal mechanism providing a first revolute degree of freedom to said object engaged with said 
gimbal mechanism about a first axis of rotation. 

17. An apparatus as recited in claim 16 wherein said gimbal mechanism provides a second 
degree of freedom to said object about a second axis of rotation, and further comprising a second 

10 sensor for sensing positions of said object along said second degree of freedom and a second 
braking mechanism to create a passive damping resistance along said second degree of freedom by 
controlling the flow of a second gas. 

18. An apparatus as recited in claim 17 wherein said gimbal mechanism includes a closed 
loop five member linkage. 

15 1 9. An apparatus as recited in claim 1 8 wherein said five member linkage includes: 

a ground member coupled to a ground surface; 

first and second extension members, each extension member being coupled to said ground 
member; 

first and second central members, said first central member having an end coupled to said 
20 first extension member and said second central member having an end coupled to said second 
extension member, wherein said central members are coupled to said linear axis member at ends 
not coupled to said extension members. 

20. An apparatus as recited in claim 17 wherein said braking mechanism includes a piston 
assembly and a valve. 

25 21. An apparatus as recited in claim 20 wherein said piston assembly includes a cylinder 

and a piston operative to move within said cylinder, said piston being coupled to said object by a 
piston rod. 

22. An apparatus as recited in claim 21 wherein said piston rod includes two ends, each 
end including a ball joint. 



30 



23. An apparatus as recited in claim 21 wherein said fluid is air. 
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24. An apparatus as recited in claim 23 wherein said object includes a joystick. 

25. An apparatus as recited in claim 17 wherein said electrical system includes a digital 
processing system for providing a braking signal to said braking mechanism and for receiving an 
electrical signal from said sensor. 

26. An apparatus as recited in claim 15 wherein said object is capable of being moved 
along said at least one degree of freedom by a user grasping said object. 

27. An apparatus as recited in claim 15 further comprising a second braking mechanism 
electrically coupled to said electrical system and rigidly mechanically coupled to said transducer 
mechanism to create a passive damping resistance to movement of said object along a second 
degree of freedom, said braking mechanism including a damping mechanism that provides said 
damping resistance by controlling the flow of a fluid. 

28. An apparatus as recited in claim 27 wherein said transducer system includes a first 
linear member coupled between said object and said braking mechanism to provide a first linear 
degree of freedom to said object, and a second linear member coupled between said object and said 
second braking mechanism to provide a second linear degree of freedom to said object. 

29. An apparatus as recited in claim 28 wherein said first linear member is a flexible 
member that flexes when said object is moved in said second degree of freedom, and wherein said 
second linear member is a flexible member that flexes when said object is moved in said first 
degree of freedom. 

30. A method for interfacing motion of an object with an electrical system, the method 
comprising the steps of: 

providing an object having a degree of freedom; 

sensing positions of said object along said degree of freedom with a sensor and producing 
electrical sensor signals therefrom; and 

creating a resistance to movement of said object along said degree of freedom by regulating 
the flow of a fluid. 

31. A method as recited in claim 30 wherein said degree of freedom is a rotary degree of 
freedom. 

32. A method as recited in claim 30 wherein said degree of freedom is a linear degree of 
freedom. 
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33. A method as recited in claim 30 wherein said step of creating a resistance to movement 
of said object includes coupling a passive brake to said object to provide said resistance. 

34. A method as recited in claim 33 wherein said brake includes a piston assembly and a 
valve to regulate said flow of said fluid. 

5 35. A method as recited in claim 34 wherein said fluid is air, and wherein said piston 

assembly and said valve comprise an open loop system for circulating air supplied externally to 
said piston assembly and said valve. 

36. A method as recited in claim 34 wherein said piston assembly and said valve comprise 
a closed loop system for circulating a substantially fixed amount of said fluid within said piston 

10 assembly and said valve. 

37. A method as recited in claim 33 wherein said brake includes a cylinder and a piston, 
wherein an electrorheological fluid and a plurality of electrodes are provided in said cylinder such 
that said step of regulating said flow of said fluid is accomplished by applying a voltage to said 
electrodes to control a viscosity of said electrorheological fluid and thereby regulate said flow of 

15 said fluid. 

38. A method as recited in claim 33 further comprising a step of reading said sensed 
positions of said object by receiving said electrical sensor signals and controlling said brake by 
outputting said electrical drag signals. 

39. A method as recited in claim 34 further comprising a step of providing a gimbal 
20 mechanism to which said object is coupled, said gimbal mechanism providing two degrees of 

freedom to said object. 

40. A method as recited in claim 39 wherein said gimbal mechanism is a closed loop five 
member linkage. 

41. A method as recited in claim 34 further comprising a step of providing a slotted yoke 
25 mechanism to which said object is coupled, said slotted yoke providing two degrees of freedom to 

said object. 

42. A system for controlling an electromechanical interface apparatus manipulated by a 
user, the system comprising: 

a digital computer system for receiving an input control signal and for providing an output 
30 control signal, wherein said digital computer system updates a process in response to said input 
control signal; 
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a passive damper for receiving said output control signal and providing a resistive force 
along a degree of freedom to an object coupled to said passive damper, said resistive force being 
based on a flow of a fluid within said passive damper, said flow of said fluid being based on 
information in said output control signal, wherein said resistive forcejesists a user force applied to 
5 said object by said user along said degree of fieedom; and 

a sensor for detecting motion of said object and outputting said input control signal 
including information representative of the position and motion of said object to said digital 
computer system. 

43. A system as recited in claim 42 wherein said process updated by said digital computer 
10 system includes simulation and video game software. 

44. A system as recited in claim 42 wherein said passive damper includes a pneumatic 
brake for controlling the flow of said fluid, wherein said fluid is air. 

45. A system as recited in claim 44 wherein said pneumatic brake includes a piston 
assembly and a valve for regulating said flow of said air, wherein said flow of said air is regulated 

1 5 by said digital computer system. 

46. A system as recited in claim 45 wherein said object is grasped and moved by said user. 

47. A system as recited in claim 46 wherein said digital computer displays a view of a 
video game to said user, wherein said user can interact with said video game by manipulating said 
object. 



20 



25 



48. A system as recited in claim 45 further comprising a local processor for receiving said 
output control signal from said digital computer system and providing a second output control 
signal to said passive damper, said processor receiving a second input control signal from said 
sensor and outputting said input control signal to said digital computer system. 

49. A system as recited in claim 48 wherein said local processor is operative to provide 
said second output control signal to said passive damper in response to said position and motion of 
said object independently of said output control signal from said digital computer system. 

50. A system as recited in claim 49 ftirther comprising a serial interface for outputting said 
output control signal from said computer system and for receiving said input control signal to said 
computer system. 
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5 1 . A system as recited in claim 48 farther comprising a digital to analog converter coupled 
to said digital computer system that receives said output control signal from said computer system 
in digital form and for converting said output control signal to analog form. 

52. A system as recited in claim 47 wherein said output control signal controls said 
resistive force to simulate said object moving into an obstacle. 

53. A system as recited in claim 47 wherein said output control signal controls said 
resistive force to simulate said object moving over a textured surface. 

54. A system as recited in claim 53 wherein said output control signal controls said 
resistive force to simulate said object moving through a damping environment. 
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